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ABSTRACT 


Based on the faunal investigation of the Chinese Protura, the studies on the post-embryonie 
development of Sinentomon erythranum and the contemporary progress in work on ultrastrue- 
ture of spermatozoa of arthropods, the present paper puts forward a new idea on phylogeny 
of Protura, that is, group without tracheal system is the primitive group, while the group, 
eosentomids and sinentomids, with tracheal system, is a comparatively specialized group of 
the Protura. 


According to this new conception, a tentative phylogenetic arrangement of 53 known gen- 
era of the Protura is made. In addition. the relationship between the Insecta and Protura 
as well as the systematic position of the Protura in the Phylum Arthropoda is also discussed. 


Protura was first discovered by Silvestri" at the beginning of this century, approx- 
imately 50 years later it was found in China” and only two new species were described 
up to 1963? Owing to the rich natural resources in soil animal in our country, more 
than 12 thousand specimens have been collected from 18 provinces during the recent 20 
years. After further identification, 81 species were reported, in which 70 new species, 
10 new genera"^? and 1 new family™ were included. Through the faunal investigation 
of the Chinese Protura and studies of post-embryonie developmental stages as well as the 
work on ultrastructure of spermatozoa of Sinentomon and some other apterygotes, we 
were provided with new evidence on the relationship between groups of protura, which 
shed new light on phylogeny and systematic position of the Protura in arthropods. 


I. SIGNIFICANCE OF CHINESE PROTURA IN SYSTEMATICS 


After re-examining all the types of 208 known species of the world, Tuxen (1964) 
drew up the classical taxonomic system of Protura"", which consists of 16 genera belong- 
ing to 3 families and 2 suborders. The marked traits of the suborders are distinguished 
by the presence or absence of the tracheal system, while the number of the segments and 


amount of setae on the abdominal legs are valid criteria for dividing into families (see 
Table 1). 


1. The armoured unique Protura, Sinentomon erythranum Yin (1965) was found 
from East Sheshan™, Shanghai, which seems to be excluded from either of the above 
families. Therefore, a new family Sinentomidae was established™. As it possesses a com- 
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Table 1 
Tuxen's System of Protura" Four New Genera From China 


Hesperen- 
tominae 


Tracheal 
system 


Abdominal I 
appendages II 
ut 


Maxillary 
‘gland (f.s.) 


paratively well-developed tracheal system, it naturally should be subordinate to suborder- 
Eosentomoidea. But its abdominal legs II and III are only l-segmented and each bears 
2 setae, obviously similar to Acerentomidae. Besides, it has strange, buge pseudoculus 
and external squama genitalia, ete. However, it possesses the main characteristics of 
both Eosentomoidea and Acerentomoidea. In this connection, heated discussions were 
aroused among proturists, concerning the systematic position of Sinentomon. Nosek 
thought that sinentomids should form an independent new suborder Sinentomoidea™’, 
for it differs greatly in morphology from eosentomids. Imadaté agreed with my view: 
Sinentomidae is a good family, and ... But Tuxen considered that Simentomon. is. 
closely related to Hesperentomon, and ‘‘... is in fact a protentomid™’,’’ which does. 
not possess tracheal system. 


2. Not long afterwards, we found another curious new form, Antelientomon prod- 
romi Yin (1974). It is exactly like an eosentomidg morphologically, yet without spi- 
racle and tracheal system. To sum up all these different characteristics, it oversteps the 
boundary between the two suborders of Tuxen. 


Due to the presence of the previous two new genera of Protura, Tuxen himself point- 
ed out: ‘‘It will be noted that two of the ‘classical’ characters are not mentioned, viz. 
‘tracheal system present or absent’ and ‘three pairs of abdominal legs with terminal 
vesicle versus at most two’. Both characters have been made invalid by two findings in 
China, both published by Miss Yin ..... ipe 


3. It is believed that the acerentomids are evolved from protentomids, but no di- 
rect evidence has been found all along. Though Huhentomon plicatunguis Yin (1977)™ 
was found similar to Hesperentomon in mouth-parts, pseudoeulus, maxillary gland, chae- 
totaxy, squama genitalis, ete., its abdominal appendages II-III were unisegmented, with 
each leg bearing 3 setae, which is quite different from the known hesperentomids but 
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similar to Acerentulus, a primitive group of Acerentomidae. Thus, it can be seen that 
the progressive evolving trend is from hesperentomids to acerentomids, so that it fills up 
the evolutionary gap between these two groups. 


4. Although Sinentomon and Eosentomon are groups both possessing tracheal system, 
yet they differ greatly in morphology. It is not certain whether there exists a blood 
relationship or not. And their relationship with other groups of no tracheal system is also 
waiting to be elucidated. Although Zhongguohentomon major Yin (1979)™ belongs to 
Eosentomidae, yet when it is compared with some other groups in the distribution of 
the chaetotaxy, the striae of the pseudoculus, the sensillae on foretarsus and the type 
of squama genitalia, the relationship between Zhongguohentomon and sinentomon can 
be seen on one hand, and some similarities with Fujientomon™ on the other. 


. 9. Apart from the above 4 genera, 6 more new genera have been reported from 
China, namely: Amnisentomon Yin (1977)", Polyadenum Yin (1980), Yichunentulus 
Yin (1980), Huashanentulus Yin(1980)“',Callientomon Yin (1980), and Neocondeel- 
lum Tuxen et Yin (1982)"", Besides those, a total of more than 20 genera, twice over 
that in 1964, has been reported in the past twenty years from all over the world. The 
presenee of every genus, even every species, reflects a step forward, more or less, in 
the long phylogenetic process. And in a certain degree, it can indicate the relationship 
between groups of Protura. Therefore, these new forms have provided important raw 
material for discussion of the phylogeny of Protura. 


II. WHICH IS THE PRIMITIVE Group or PROTURA ? 


For quite a long time, all the famous proturists, such as Berlese"*, Conde"", Tuxen"", 


Imadaté"?, Nosek"", ete, accepted the primitive phylogenetic position of Eosentomon, 
from which Acerentomidea may have been derived. With this point of view, it was con- 
sidered that the eosentomid type has a tracheal system, a short and broad mouth appa- 
ratus and more segments and setae on the abdominal appendages. The above comment 
was based on the assumption that (i) the ancestor of Protura may have been provided 
with a respiratory apparatus, which, during the course of evolution, disappeared in the 
most evolved groups such as Acerentomidae; and (ii) the Protura was evolved from an 
ancestor like Myriapoda. The more segments and setae on the abdominal appendages, 
the more primitive is the group. For example, in Eosentomidae all the three pairs 
of abdominal appendages are 2-segmented, each bearing 5 setae, while in the Aceren- 
tomoidea, the Ist abdominal leg is 2-segmented wtih 4 setae, and the 2nd and 3rd 
legs are 2-segmented with 4 setae or l-segmented with 3-1 setae (as shown in Table 1). 
But owing to the following arguments, we have held an entirely different view from 
the above. 


l. In discussing the systematic position of Antelientomon™, which lacks spiracles 
otherwise than eosentomids, we pay special attention to the spiracles, i.e. the significance 
of respiratory organs of arthropods in the long run of evolution. We compare the res- 
piratory organs of the lower crustaceans, which range from none to presence, and from 
simpleness to possession of specialized respiratory organs, There is much variation in 
the respiratory system of arthropods and considerable development and adaptation in 
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Fig. 1. Larvae of Sinentomon erythranum. 
a—Prelarva, b—first larva. 


Fig. 2. Spermatozoa of Protura"", 


a—Three living spermatozoa of Acerentomon photographed in phase 

contrast. X1040; b—a general view of sectioned spermatozoa in 

Acerentulus testes. X10,800 (ax—axoneme, m—mitochondria, n— 

nucleus); e—four living spermatozoa of Eosentomon photographed 

in phase contrast. X1520; d—eross section of mature Eosentomon 

spermatozoa: the cells appear flattened. 16,000 (ech—chromatin, 
v—vesicles) 


different groups for various purposes. But they could be grouped into two main eate- 
gories: the primitive forms, whose respiration takes place through the body wall, such 
as the Crustacea and other aquatie arthropods; and the other group adapted to terres- 
trial life, whose respiratory organ is specialized into tracheal system, such as Arachnida, 
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Myriapoda and Insecta, but with its primitive small forms still using their body surface 
for diffusion of gases. Therefore, the eosentomids and sinentomids possess only simple 
spiracle and tracheal system, yet they have made a great step forward as compared with 
the acerentomoidians, which are not yet having special organs for respiration but are 
using their skins or recta instead. 


2. Recently, a comparative study was made about 5 successive post-embryonie de- 
velopmental stages of Sinentomon erythranum™. We found that its prelarva is without 
spiracles. The spiracle and trachea] system developed only after the first moult, when 
the first larval stage appeared. Some similar records concerning the prelarva of Hosen- 
tomon were given in earlier years"'""", This is a strong proof that proturans which 
possess trachea] system are descendants from a form -which does not possess trachea 
and spiracles. 


3. The ultrastructure of the spermatozoa has important significance in the discus- 
sion of the main evolutionary steps and lines in Arthropoda. In view of the models 
of spermatozoa of different groups of Protura, the spermatozoa of acerentomids are 
more or less like a spirocheat"", with acrosomes and flagella (Fig. 2a, b), while the 
spermatozoon of Hosentomon is dise-shaped"", devoid of acrosome and flagellum (Fig. 
2e, d). And from the cross sections of Sinentomon erythranum testes, we can see its 
sperms are non-flagellated and globular in shape (Fig. 4e). It is as a general rule that 
a group with aflagellate spermatozoa — which undoubtedly descends from a group 
provided with normal flagella — can hardly have originated a group with flagellate 
sperms"?, Therefore, the studies of sperm morphology also provides a good logical 
conclusion that Eosentomon and Sinentomon are not primitive groups, but highly 
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Fig. 8. A tentative phylogenetic arrangement of Protura. 
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Fig. 4. Spermatozoa of Apterygota and Protura. 

a—Cross section of spermatids of Anurida maritina: the axial filament 
complex is of 9 + 2 pattern", X%48,000 (m—mitochondria); b—eross 
section of Machilis distincta spermatozoa contained in the spermathe- 
ea", The accessory tubules (t) are embedded in dense material. 
Each functional unit consists of two sections and is encased in a 
double membrane. %48,000 (m—mitochondria, 1—lateral bodies); 
e—eross section of Campodea spermatid"", The axoneme is of the 
9+9-+ 2 type, as in the conventional insect sperm. 372,000 (m— 
mitochondria, n—nueleus); d—eross section of a mature spermatozoon 
of Acerentomon. The axoneme has 12 + 0 doublets. *48,000;  e—eross 
section of spermatozoa in Sinentomon erythranwm testis. *9000 


specialized ones. 


Based upon the above evidence, the phylogenetic relationship between the two big 
groups of Protura, we proposed for the first time an opposite point of view to the above 
argument. We think that the acerentomoidian which does not possess a tracheal system 
is comparatively the primitive group, whereas the eosentomoidian which has a tracheal 
system is the more specialized group. 
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III. A TENTATIVE NEW System OF PROTURA 


In accordance with the above new conception about the phylogeny of Protura, we 
eompared the 53 known genera in the world and rearranged them into 8 families and 
17 subfamilies. At the same time, a tentative phylogenetic diagram (Fig. 3) has been 


ACERENTOMOIDEA Condé 1951 


(1) FUJIENTOMIDAE fam. nov. (5) BERBERENTOMIDAE fam. nov, 
1. Fujientomon Proacerelinae subfam. nov. 
(2) HESPERENTOMIDAE Price 1960 23. Proacerella 
Hesperentominae Tuxen 1963 Berberentulinae subfam. nov. 
2. Hesperentomon 24, Delamarentulus 
8. Ionescuellum 25. Brasilentulus 
Huhentominae subfam, nov. 26. Kenyentulus "m 
4. Huhentomon 21. Gracilentulus hi 
(3) PROTENTOMIDAE Ewing 1936 28. Amphientulus ch 
Condeellinae Tx. & Yin 1982 29, Baculentulus , 
9. Hinomoentomon | 30. Berberentulus 
6. Neocondeellum 31. Chosonentulus 
7. Condeellum Nen 32. Polyadenum pe 
Protentominae Ewing 1940 Silvestridinae subfam. nov. baa 
8. Proturentomon 33. Madagasearidia 
9. Protentomon 34 Bolivaridia 
(4) ACERENTOMIDAE Silvestri 1907 35. Silvestridia 
Acerentulinae subfam. nov. ; 36. Tuxenidia 
10. Acerentulus z | (6) ACERELLIDAE fam. nov. 
11. Amerentulus Alaskaentominae subfam. nov. 
12. Australentulus 37. Alaskaentomon i 
18. Brasilidia Acerellinae subfam. nov. 
14. Fjillbergella 38. Callientomon 
15. Maderentulus 39. Verrucoentomon f 
Tuxenentulinae subfam. nov. _ 40. . Acerella 
16. Tuxenentulus 41. Nosekiella 
17. Huashanentulus Nipponentominae subfam. nov. 
18. Sugaentulus 49. Paracerella 
19. Yichunentulus 43. Vesiculentomon 
Acerentominae subfam, nov. 44, Imadateiella 
20. Acerentomon S 45. Nipponentomon 


21. Yamatentomon 
22. Filientomon 


EOSENTOMOIDEA Condé 1951 


(7) EOSENTOMIDAE Berlese 1909 50. Styletoentomon 
Isoentominae subfam. nov. Anisentominae.subfam. nov. 
46. Zhongguohentomon 51. Anisentomon 
47. Isoentomon Antelientominae subfam. nov. 
48. Madagascarentomon 52. Antelientomon 
Eosentominae subfam. nov. (8) SINENTOMIDAE Yin 1965 


49. Eosentomon 58. Sinentomon 
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drawn up to express the relationship among the various families of the order Protura. 


The new system of Protura is listed as follows, but the diagnoses and keys for these 
groups will be dispatehed separately. 


IV. Is PROTURA AN IwNsECT? 


On the basis of comparative morphology and embryology, there are in general 2 
kinds of opinion. One school thinks that the Protura is not an imsect and should be a 
class or subelass independently between Myriapoda and Insecta. The other thinks that 
the Protura is an insect, elosely related to the orders Collembola, Diplura and Thysanura, 
belonging to the subclass Apterygota under the class Insecta"? 


But recently the admirable works of comparative spermatology by Dallai and Bac- 
cetti have thrown light on the explanation of the phylogeny of insects and other inverte- 
brates. In most cases, the results coincide with classical systematies??, But inconsistency 
appears in some groups, such as Protura. Generally speaking, the spermatozoon is a cell 
that appeared very early during the evolution of pluricellular animals in the form of a 
simple flagellate cell. The primitive type of sperm still exists in the aquatic forms. The 
acquisition of internal fertilization and the consequent progression in a viscous medium 
lead to successive changes in the structure of the spermatozoon; it sometimes becomes 
remarkably complex in order ph adapt TTE v the new guage Pa a 


L wily Anes ara eS 22 


123,24]. 


Thé Collembola and itera Ja Wm sited sperm drops The a sper- 
matozoa are in encysted condition, being motile after penetrating into female genitalia. 
The spermatozoon of Collembola has a conventional 9 +2 pattern of tubuline doublets"'^", 
bi-stratified acrosome and unmodified scattered mitochondria (Fig. 4a). The japygid of 
Diplura with 9 + 2 flagellum already shows some characteristics of higher evolution™”, 
such as mitochondria, which are transformed into two mitochondrial derivatives and a 
compact elongate nucleus. The next stage is found in ejmpodeids, where the japygid 
model acquires nine accessary tubules, which are set in two distinet groups, one with 4 
tubules and the other with 5 (Fig. 4e). . The same situation occurs in the machilids of 
Thysanura (Fig. 4b). But in Lepismatidae, the extra set of nine tubules are maintained, 
which regularly spaced around the axoneme, reaching the 9+9+2 flagellum"", which 
is typical of insect sperm. 


Therefore, we ean see clearly that in view of the result from comparative sperma- 
tology, an obvious phylogenetic line of Insecta starts from the primitive spermatozoon 
with 9 + 2 mode] flagellum of Collembola, via Diplura and Thysanura and reaches 9 + 
9+ 2 model At the same time, the scattered primitive mitochondria are transformed 
into 2 mitochondrial derivatives and finally gain the crystalline proteinaceous (erystal- 
lomitin) content, typical of pterygote sperm mitochondria. And then the spermatozoa 
evolves divergently towards the various models of flagella of the higher insects. Along 
this line, an obvious turning point is located between Japygidae and Compodeidae in Di- 
plura"'^? as shown in Fig. 5. 


As to the ultrastrueture of proturan sperms, the two types as mentioned before are 
eompletely different from the Collembola, Diplura, Thysanura and even the pterygote in- 
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Protura 
Eu de — 


Acerentulus Acerentomon Eosentonson 
INSECTA 
9+2 ancestor 
WN 3:E9-F2 
Pterygota 
9+9+2 
Thysanura 


942 9+9+2 
Japygidae Campodeidae 
Diplura Diplura 
Fig. 5. Phylogeny of insect sperm in comparison with Protura. 
Cef. Baccetti 1979) 


sects. For example, the sperm of Acerentulus has 12 + 0 tubuline doublets and Aceren- 
tomon 144-0, lacking the central tubules, while the extreme condition is reached by Eo- 
sentomon, lacking acrosome and flagellum but having only dise-shaped, very simplified 
sperms, and nearly the same occurs in Sinentomon (Fig. 4e). Baccetti, therefore, con- 
eluded that ‘‘the proturan Eosentomon seems to us in a very high position, and not the 
most primitive of the group, ....''?, So far as we know, the situation of the proturan 
sperm is similar to that in Pycnogonida, in which one also could predict the occurrence 
of a dise-shaped cell (Fig. 6). 


Apart from the sperms, Manton"" studied the funetional morphology of limb move- 


ments and patterns of gaits of Protura, which lacks antennae and has its 1st leg moving 
in similar or opposite phase, in an uncoordinated way with the following limbs. There- 
fore she thought that ‘‘the Protura fails to qualify as primitive hexapods in any 
way". 

Tt is still an unsettled question whether Protura has antennae or not. As we know, 
the arthropod antennae evolved from the locomotory appendages of the most primitive 
annelid form. There are 2 pairs of antennae in Crustacea and 1 in Insecta. Owing 
to the disappearance of deutocerebrum, the corresponding segment and appendages, 
the antennae, of Chelicerata are disappeared. The Protura, probably similar to the 
Chelicerata, is originally without antennae. 


Clarke"? studied the internal anatomy of arthropods and found that in protura the 
epithelium of the midgut is a sheet of single cells, which rests on a basement mem- 
brane. The inner surfaces of the cells are covered with a number of filaments, which 
directing toward the lumen, are proved to be not cilia. Certainly they have a very 
different appearance from the tight epithelium sheet and brush border of other arthro- 
pod midguts, A peritrophic membrane is absent, and intracellular digestion is said to 
occur. Granules of guanine have been found in the gut, indicating that it is the site 
of nitrogen excretion. Guanine has been found elsewhere in arthropods only in the 
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Arachnida. 


As for the numbers and the positions of the spiracles of different groups of the 
Tracheata, there are, in general, 9—10 pairs in insects, among which 2 pairs are on 
thorax and the others on abdomen. The myriapod has even more spiracles, for example, 
the diplopod has 2 pairs on each segment. And all the spiracles are situated on the pleurite 
or sternite of the animal. But the Protura has only 2 pairs of spiracles on meso- and meta- 
notum. Comparing the groups of Tracheata besides Protura, only the Opilioacariformes 
(Acari) has 2 pairs of dorsal spiracles on podosoma.: As for the Collembola, except the 
Smithuridae, it is free from tracheal system, while the Diplura and Thysanura are the 
same as the Pterygota. 


From the above facts, it is obvious that the order Protura is not well fitted, how- 
ever, into the Class Insecta (Fig. 5). Though most people will recognize that the Pro- 
tura is different from the Pterygota, it is a group closely related to the Collembola. 
From the results of some recent studies, besides the pattern of sperm as mentioned pre- 
viously, many other features make the Protura and Collembola uncomparable: e.g. the 
number of their abdominal segments, which is 6 in Collembola and 12 in Protura; their 
metamorphoses, which are epimorphosis in Collembola and anamorphosis in Protura; and 


the organization of their ovaries, which is meroistie"" in Collembola but panoistie in Pro- 
tura. 


Bilinski and Klag"" found that the pore canals in the cuticle of thoracic segment of 
Acerentomon are found only in the median plate of sternite, and this feature makes the 
cuticle of the Protura resemble that of the Acarina, pore canals of the latter occurring 
only oceasionally. But in Collembola the pore canals are particularly well developed. 
And the most characteristic organelles in the midgut cells of Acerentomon are gigantic 
lysosomes and mitochondria with electron opaque bodies. Similar electron opaque bodies 
in mitochondria have been reported to exist in the Tardigrada, but they have never been 
found in insects. 


A special comparative analysis of the ultrastructure of the pyloric region of Protura 
and Collembola was conducted by Dallai- He found that they are very differently organ- 
ized”. 


According to the above facts, there are several differences present between the 
Protura and Collembola, which do not show any special relationship at all. Therefore, 
it seems not well fitted to put the Protura along with the Collembola and other aptery- 
gotes into the same group. The Protura is probably an independent group under the 
Phylum Arthropoda, having, however, no special links with the Insecta. 


V. Aw APPROACH TO THE ORIGIN AND SYSTEMATIC POSITION OF PROTURA 


.. Forms under Symphyla have been traditionally considered as the ancestral model 
form of insects. Additional proofs have been obtained recently from the studies of com- 
parative spermatology"" (Figs. 4 and 5), In the picture of the sperm evolution, the 
sperm of the Symphyla is 9+2 motile flagellum, which fits easily to the 9 + 2 model of 
the Collembola and japygid Diplura. But the sperm of the Protura is quite peculiar, 
the 9+2 model is lost, dynein lacking and the sperm immotile. It is hard to con- 
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elude that Protura was directly from a Symphyla type of ancestor. 


From the above diseussion, we found that in sperm strueture the Protura is similar 
to the Pyenogonida™; in gut function, it is similar to the Arachnida""?; in the fewness 
of pore canals of the endocuticle, it is similar to Aearina""; in the structure of midgut 
cells, it is similar to the Tardigrada"?. Moreover, there is originally lack of antennae 
and ineoordinate movement of the Ist thoraeie leg of the Protura?", All these facts 
cannot but prove the near relation between the Protura and Chelicerata. 


Naturally, it is complicated and subject to many factors to determine the origin and 
systematie position of a group, which is generally debated for a long time. In recent 
years, except Manton"" who maintained the Protura should not be considered an insect, 
Dallai, Baccetti and Bilinski et al."'?*^? thought that the Protura is a very distinct 
group, not closely related to the other wingless insects. 


To sum up all the factors mentioned above, we think the Protura is an independent 
group (Class?) in the Phylum Arthropoda. Its origin is, perhaps, farther and earlier, 
and very possibly it has a common early ancestor with the Pyenogonida, Arachnida, Crus- 
tacea and Symphyla. As to the exact phylogenetic position, it is yet to be decided wait- 
ing for more evidence. Now, aecording to our preliminary analysis, a hypothetical system- 
atie position of the Protura is shown in dotted line in the following figure. 


Onychophoi 
b dins ah jaia 
Pycnogonida À ——12--0— (9) 
ZZ Tardigrada 92 9 4-0 
Arachlinida V —————————* 
Se ls Fe © 
nin (e 
2 
Pauropoda f 
942 \ 9+2 f 
Merostomata \ Chilopoda 9+2 
3 k Diplopoda 
\ 
9-42 
x ü Insecta V—*7 C» 
\ 94-2 9--94-2 
Y —— [24-0 — 
Protura 1 ^ 14 4-0 © 
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Fig. 6. Phylogeny of arthropodan sperm", 
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